l ow birth weight (LBW) might have an impact on health by increasing the risk for hypertension, cardiovascular disease (CVD), diabetes mellitus, asthma, and allergies as well as by influencing cognitive function and behavior (1) (2) (3) (4) . The autonomic nervous system (ANS), with its balancing actions of the sympathetic and parasympathetic branches, regulates cardiovascular function starting during fetal life. If this equilibrium is impaired, development of the above-mentioned disease states could be possible (5) .
Studies on control of heart rhythm are based on estimations of changes in the heart rate (HR) referred to as HR variability (HRV). HRV represents the variation over time of the period between consecutive heartbeats modified by the sympathetic and parasympathetic nervous system (6) . HRV is thought to reflect the heart's ability to adapt to changing circumstances by detecting and quickly responding to unpredictable stimuli (6) . As such, HRV provides a noninvasive evaluation of the changes in HR in different physiological situations; it can also be used as a predictor of cardiac dysfunctions (7) . The analysis of HRV was standardized in 1996 by the Task Force of the European Society of Cardiology and the North American Society of Pacing Electrophysiology and has become a wellestablished tool for evaluating ANS function (6) .
There are several methods for analyzing HRV. In this study, we use time and frequency domain analysis (6) . The power spectrum was divided into four different frequency bands: total power, as an estimation of the ANS's global activity (Tot Pow: 0.0033-0.40 Hz (ms ). The ratio of LF Pow to HF Pow is regarded to be a marker for the ANS balance. In the time domain, the mean of the SD of all normal R wave to R wave (RR) intervals for all 5 min segments of each electrocardiogram (ECG) recording (SD of normal to normal RR intervals (SDNN) index) was calculated (6) .
An imbalance of the ANS with a shift of autonomic control towards sympathetic predominance is regarded as a predictor for poor outcome in adult patients with previous myocardial infarction (7, 8) . A prospective study has shown that reduced HRV was associated with sudden death in patients with previous myocardial infarction and ventricular arrhythmia (9) . Moreover, it is suggested that reduced HRV is associated with higher mortality even among individuals free of CVD (10) . Environmental factors such as overweight, obesity, smoking, or fetal exposure to smoking may also affect ANS function in adults and infants (11) (12) (13) .
In a previous study we found that children born preterm (PT) or at term but small for gestational age (SGA) had higher HR at rest, and during and after a mathematical stress test, and had higher urinary catecholamines as compared with children born at term with normal birth weight (14) . These findings suggested an increased sympathetic tone in children born with LBW. In this study, we hypothesize that young children born with LBW have measurable alterations in autonomic function Articles Rakow et al.
and that HRV measurements might be useful for early detection of individuals at risk for the development of CVD.
RESULTS

Clinical Characteristics
Maternal, perinatal data and characteristics at the time of the visit are shown in Table 1 . Maternal risk factors were not significantly different between the groups. Children born PT were younger, shorter, and lighter than controls. Children born SGA were lighter and shorter than controls and had a lower BMI ( Table 1) .
Time and Frequency Domain Measurements of HRV
All frequency domain parameters (Tot Pow, HF Pow, VLF Pow, and LF Pow) were significantly lower in the children born PT or SGA than in controls (P = 0.008-0.04), whereas the LF Pow/ HF Pow ratio was similar in all children (P = 0.09). Mean RR and the SDNN was significantly lower in the groups of children born PT or SGA than in controls (P = 0.02; 0.006, respectively), (Figure 1 ; Table 2 ).
Ten control, five PT, and three SGA children fulfilled the criteria for overweight and obesity (BMI >20 kg/m 2 ). After exclusion of these children, the differences between children born with LBW (PT and SGA) and controls became more pronounced (Tot Pow: P = 0.002; HF Pow: P = 0.002; VLF Pow: P = 0.01; LF Pow: P = 0.01; LF Pow/HF Pow ratio: P = 0.054; mean RR: P = 0.01; SDNN: P = 0.002).
No cerebral palsy or severe cognitive impairment was diagnosed during the neonatal follow-up or at the time of investigation, and all children attended normal schools. Five PT children and one SGA child had minor neurological symptoms. The re-analysis of the data after exclusion of the six patients with minor neurological symptoms did not affect the results (data not shown).
Logistic regression analysis was done for all HRV parameters where independent variables had F-to-enter = 4. Subject and maternal characteristics did not show significant dependence to HRV parameters.
DISCUSSION
Our findings demonstrate that LBW, whether due to PT delivery or intrauterine growth retardation, affects ANS function in childhood when measured between 9 and 10 y of age. The significantly lower values for all power spectra and both time domain parameters suggest decreased overall activity of the ANS among the PT and SGA groups. These results indicate a less active and less reactive ANS in children born with LBW, implicating an impaired ability to adapt to ongoing changes in the internal and external milieu.
The biological relevance of decreased HRV is well documented in patients after acute myocardial infarction and some noncardiovascular morbidities (7, 10) . It is not yet known whether changes in the function of ANS could potentially play a role in the later development of hypertension and/or cardiovascular morbidity in children born with LBW owing to prematurity and/or SGA.
The strength of our study is the well-defined groups of children born with LBW (PT and SGA), allowing us to infer differences between fetal stress in SGA or postnatal stress in premature infants. Gestational age (mean: 27 wk) and birth weight (mean: 1,000 g) in the group of children born PT well represents today's neonatal population in the Western world. 
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In a recent, similar study (15) , children born at term with LBW owing to intrauterine growth retardation and children born at term with appropriate birth weight were investigated at the age of 9-10 y using HRV measurements. When groups were compared, no differences could be found regarding HRV measurements; it was only when the group of intrauterine growth retardation children was subdivided into those <2.5 kg and those >2.5 kg that those born with birth weight below 2.5 kg were significantly different from controls and from the intrauterine growth retardation group with higher weight at birth.
In PT infants at term age (40 wk) HRV studies revealed a delayed development of the ANS function (16) . However, when the same subjects were re-investigated at 2-3 and 6-7 y, no significant difference in HRV parameters persisted in comparison with the controls (16) . The impairment in ANS function among the group of premature infants was suggested to be an effect of stress owing to pain, noise, visual stimuli, inadequate nutrition, and ventilator support (17) (18) (19) . It is known that the sympathetic nervous system matures earlier in fetal life than the parasympathetic nervous system but then becomes increasingly outbalanced beyond 30 wk of gestational age, which could explain a temporary dominance of the sympathetic system at the beginning of life for children born PT (19, 20) . Even in children born SGA, higher sympathetic tone and lower vagal tone has been observed postnatal at 1 and 3 mo of age (5) . However, our findings demonstrated that the deviations in heart rhythm control are long lasting and present at 9-10 y of age. This is in line with studies on adults born at term but SGA and with a final short height at 22 y of age. Those individuals were shown to have increased sympathetic nerve traffic measured by muscle sympathetic nerve activity (21) . Therefore, the results are partly in concordance with our findings showing a less-pronounced influence of the parasympathetic branch (decreased HF Pow) and thereby a sympathetic predominance in the function of the ANS in children born SGA at term. In this study, we do not detect any significant difference between PT and SGA born children regarding HRV parameters, but both groups differ significantly from the control group, which probably allows the speculation that the pathogenesis for LBW is secondary and the key factor is LBW itself.
Maternal smoking during pregnancy, obesity, and overweight are factors that downregulate HRV (12, 13) . In the present study, the prevalence of mothers smoking was similar in all groups tested. In our cohort 10 children from the control group, five children from the PT group and three children from the SGA group fulfilled the criteria for overweight and obesity, which correlates well to the increasing problem of overweight among children in Sweden (22) . After exclusion of children with BMI > 20 from all three groups, the differences in HRV parameters between children born with LBW and controls were even more pronounced.
Children diagnosed with central coordination disturbances have demonstrated lower values for HRV parameters (23) . Therefore it has been suggested that HRV measurements could be used as a prognostic tool in the diagnosis of cerebral palsy in infants (23) . The results from the present study do not show the similar association between disturbances in motor-and cardiovascular control because the exclusion of the six patients with minor neurological symptoms did not affect the results. However, no cerebral palsy or severe cognitive impairments were diagnosed during the neonatal follow-up or at the time of investigation in our study population, and all children attended normal schools.
To our knowledge, this is the first study demonstrating the long-lasting impairment in ANS regulation of heart rhythm in children born with LBW. An imbalance of the ANS with a relatively increased sympathetic tone might be one of the causative mechanisms for the increased risk of developing metabolic disorders and CVD in the population of individuals born with LBW. However, in the present study a general decreased activity of the ANS is shown for both groups (PT and SGA) with significantly lower values for Tot Pow, HF Pow, LF Pow, VLF Pow, SDNN RR, and mean RR as compared with the controls. Our data do not support any dominance of the sympathetic nervous system over the parasympathetic branch of the ANS. The ratio between LF Pow and HF Pow as an indicator for the balance of the ANS is not different for our study groups. It is still under debate whether the LF Pow/HF Pow ratio is a reliable measurement for the ANS balance or rather only an approximation (24) . As previously shown control, born at term with normal weight for gestational age; HF Pow, high frequency power; LF Pow, low frequency power; LF/HF ratio, low frequency/high frequency ratio; mean RR, mean of R wave to R wave variation; PT, preterm; SDNN, the mean of the SD of all normal RR intervals for all 5-min segments; SGA, small for gestational age; Tot Pow, total power; VLF Pow, very low frequency power.
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by our group with the same cohort, children born with LBW had significantly higher HR and urinary catecholamines (14) . Whether this is due to the overall suppression of ANS activity is not entirely conclusive and needs further investigation. We speculate that an overall suppression of the ANS, as shown in the present study, could be an indicator for an impaired capacity of the investigated groups of LBW born children to adequately adapt to changing circumstances and that this could be a contributing factor for the later development of hypertension and CVD.
METHODS
Study Design and Population
All children were singletons born without chromosomal anomalies, congenital infections or life threatening congenital anomalies at Karolinska University Hospital between 1990 and 1993. Eligible infants were consecutively born infants <32 wk gestational age (PT) admitted to the neonatal intensive care unit, or full-term infants born SGA and admitted to the maternity ward. After inclusion of PT and SGA children, children born at term with normal birth weight (controls), and matched for date of birth and sex, were selected from the delivery room records. All control infants were healthy at birth and had not been admitted to the neonatal intensive care unit. A total of 390 families were eligible, but 133 were lost to follow-up owing to changed addresses. Of the remaining 257 families invited, 105 agreed to participate in the study. Twenty-four-hour ECG recordings were successfully obtained in 92 children. In six children, the recordings could not be used owing to poor technical quality. Eighty-six children with successful 24-h ECG recordings were included: 31 PT children, 27 SGA children, and 28 control children ( Table 1) .
Gestational age was determined by ultrasound in early pregnancy (25) . Term was defined as a gestational age between 37 and 42 wk. SGA was defined as a birth weight <mean -2 SD (i.e., below the sex specific 2.5th percentile for gestational age) according to Swedish reference data for normal fetal growth (26) . Of the 31 children in the PT group, only one child was SGA. Of the 27 children in the SGA group, six had a ponderal index <2.3, suggesting asymmetrical intrauterine growth. Ponderal index was calculated by birth weight (kg) × 100/ birth length (cm 3 ) (27) . Information on maternal and neonatal characteristics was collected from the Swedish birth records. Maternal age, maternal smoking, and maternal history of hypertension/preeclampsia, prenatal steroid administration, date of birth, gestational age, and birth weight were noted ( Table 1) .
Anthropometric data (weight and height) were obtained in all children by the same research nurse. BMI was calculated by the formula: weight (kg)/height (m 2 ). Overweight and obesity were defined using the International Obesity Task Force age-and sex-specific cut-off criteria (22, 28) . A medical history was obtained and a physical examination was performed by the same physician for 95% of the children. All children were in good health at the time of investigation at an average age of 9.7 (0.3 SD) y. Five children in the PT group and one child in the SGA group had minor neurological findings. No child suffered from severe cerebral palsy or cognitive impairments. All children attended normal schools. At the time of investigation, a total number of seven children had started puberty at low Tanner stages (29) . One child in the PT group and two children in the control group had entered puberty at Tanner stage 2. One child from the SGA group and one from the control group were between Tanner stage 2 and 3 and one child from the control and one from the SGA group were at Tanner stage 3.
The study was approved by the Ethical Committee at Karolinska University Hospital. Written and oral consent was obtained from the parents and children.
Physiological Measurements
Holter-ECG was obtained for 24 h in 86 children using an ambulatory recorder unit (Braemer DL 700; Braemer, Burnsville, MN) with a sample rate of 128 Hz. Cardiac conduction and rhythm disturbances were automatically analyzed by a Holter-ECG system (Danica Holter Replay Unit; Danica Biomedical, Borlänge, Sweden). The classification made by the Holter system was used to distinguish normal and non-normal QRS complexes. The Holter system uses a classification of the QRS morphology to distinguish among ventricular ectopic beats, signal noise, and normal complexes. The consecutive RR intervals and the corresponding classification code were exported to an ASCII text file.
For the frequency domain analysis, 5 min epochs of data were analyzed by custom-made software (30) . The time series of RR intervals were re-sampled at a frequency of two samples/second (2 Hz). Gaps in the time series owing to non-normal RR intervals (QRS-labeled by the Aspect System classification as noise or ectopic beats) were filled with values calculated by linear interpolation between the adjacent normal RR intervals. The computer program checked for misclassified drop beats deviating more than three SD from the mean normal RR interval of each epoch. Epochs with more than 4% of non-normal RR intervals were excluded from further analysis. At least 50% of a recording had to be acceptable to be included, in accordance with issued guidance ( 
Statistics
Data are presented as numbers, percentage, mean values with 1 SD or confidence interval, or medians with quartiles and minimum and maximum values as indicated. Analyses were computed in JMP software package, version 8.0.1 (SAS Institute, Cary, NC) using nonparametric Kruskal-Wallis test because our data could not be adequately modeled by a normal distribution (Supplementary Data online).
A P value of <0.05 was defined as significant. One patient from the PT group showed values above the +3 SDs from the mean of the components frequencies and was therefore excluded from further statistical testing.
A series of stepwise multiple regression was performed in order to identify variables influencing HRV parameters (gender, age at study, BMI at study, maternal hypertension, maternal diabetes, and prenatal steroid administration).
The independent variables with F-to-enter = 4 were entered into logistic analysis models.
SUPPLEMENTARY MATERIAL
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STATEMENT OF FINANCIAL SUPPORT
This work was supported by the Samariten Foundation (Stockholm, Sweden), Freemasons Foundation (Stockholm, Sweden), and Sällskapet Barnavård (Stockholm, Sweden).
Disclosure: We have no potential conflict of interest relevant to this article.
